Abstract. Danggui Buxue Tang (DBT) is a simple combination of Radix Astragali and Radix Angelica sinensis (5:1), with a variety pharmacological activities. In the present study, a single intravenous injection of 30 mg/kg streptozotocin and subsequent six weeks of high glucose diet in Sprague Dawley rats were used to induce diabetic nephropathy. Rats with diabetes mellitus showed increased levels of fasting blood glucose (FBG), blood urea nitrogen (BUN), serum creatinine (Scr), serum and urine β2-microglobulins (β2-MG), and type IV collagen (all P<0.05). DBT treatment significantly decreased the levels of FBG, BUN, Scr, serum and urine β2-MG, and type IV collagen. Furthermore, DBT treatment significantly and dose-dependently restored the ultrastructural injury, and reduced the expression of heparanase, compared with the vehicle (P<0.05). Therefore, DBT may be a novel therapeutic approach for the prevention and treatment of diabetic nephrology.
Introduction
Diabetic nephropathy is a serious and progressive complication of diabetes and occurs in 30-40% of diabetic patients (1) . Hyperglycemia is a crucial factor for the induction of diabetic nephropathy. Although positive effects on the development and progression of diabetic nephropathy may be produced through strict control of blood glucose, blood pressure and, in particular, blockade of the renin-angiotensin system (2), these ainterventions are not sufficient to significantly reduce the high incidence of end-stage kidney damage caused by diabetes. Therefore, it is important to develop novel therapies that allow for the prevention and retardation of diabetic nephropathy.
The dried root (Radix) of Angelica sinensis is commonly known as Danggui, and is a crude drug widely used in traditional Chinese medicine for >2,000 years (3) . Danggui is used to promote blood circulation for the treatment of menstrual disorders, to modulate the immune system, and the extracts of Radix A. sinensis have been found to exhibit various levels of antioxidant capacity (4) . Radix Astragali, also known as Huangqi, is the dried root of Astragalus membranaceus, which belongs to the family of Fabaceae (5) . Radix Astragali, which has also been used for the treatment of diabetes for hundreds of years in China, has been demonstrated to have an inhibitory effect on metal-induced oxidative stress (6) . Danggui Buxue Tang (DBT) is a herbal decoction of Radix Astragali and Radix A. sinensis (5:1) (7). DBT is speculated to possess a variety of pharmacological actions, including regulation of immune functions, stimulation of red blood cell production and enhancement of cardiovascular function. Previous studies revealed that intake of DBT ameliorated the symptoms of diabetes and decreased the levels of blood glucose, plasma lipid, microalbuminuria, reduced the body weight and improved renal function in streptozotocin (STZ)-induced diabetic rats, indicating that DBT may be used as an adjuvant therapy in the prevention of diabetic nephropathy (8, 9) .
The glomerular tuft, a network of tangled capillaries, is composed of three cell types: Endothelial cells at the inside of the capillary, podocytes on the outside of the capillary and glomerular mesangial cells (GMCs) supporting the capillary loops (10) . GMCs occupy a central position in the renal glomerulus and are known to secrete extracellular matrix (ECM) proteins, such as type IV collagen, laminin and fibronectin (11) . GMC proliferation, hypertrophy and progressive accumulation of ECM proteins lead to renal fibrosis, which is recognized to play a major role in progressive renal failure in diabetic nephropathy (12) . Our previous study has provided in vitro evidence that DBT effectively inhibits high glucose-induced GMC proliferation and the expression of laminin, type IV collagen and fibronectin in GMCs (13) . Whether DBT displays a protective effect on the ultrastructure of the renal glomerulus and particularly GMCs requires further investigation.
Heparanase (HPA) is an endoglucuronidase which functions at the cell-surface and within the ECM to degrade heparan sulfate, the main polysaccharide of the glomerular basement membrane (GBM) (14) . Heparan sulfate is believed to play a major role in the charge-selective properties of the glomerular capillary wall, by binding to and assembling structural basement membrane proteins, and thus contributing to structural integrity and barrier function of the basement membrane (15) . A recent study indicated that degradation and loss of heparan sulfate in the GBM and overexpression of HPA were closely linked to the development of diabetic nephropathy (16) . However, whether DBT has beneficial effects on reversing the increased level of HPA in diabetes mellitus has not yet been elucidated.
Therefore, the aim of the present study was to investigate the effects of DBT on high glucose-induced ultrastructural alterations of the renal glomeruli in vivo and the expression of HPA in the renal cortex in a STZ-induced diabetic nephropathy rat model.
Materials and methods

Preparation of DBT.
In preparation of DBT, exact quantities of Radix Astragali and Radix A. sinensis were weighed at a ratio of 5:1, and then mixed using a vortex. The herbs originated from Gansu province (China) and were obtained from the Department of Pharmacy of Zhongnan Hospital, Wuhan University (Wuhan, China). As previously described (17) , the mixed herbs were extracted twice; initially boiled in water (1:6; v/w) for 1 h, then the residue from first extraction was boiled in water (1:8) for 1.5 h. Finally, the solutions were filtered using a rotary evaporator (RE-52A; Shanghai Ya Rong Biochemical Instrument Factory, Shanghai, China) and concentrated into doses of 0.5, 1.0 and 2.0 kg/l. The DBT decoction was stored at 4˚C until required for experimentation. Experimental protocols and grouping. First, 52 SD rats were fed a high-fat and high-glucose diet (Wuhan Biological Engineering Co., Ltd., Wuhan, China) for two weeks, followed by fasting for 12 h (17). Then, the rats were administered a single intravenous injection of STZ (30 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) and continuously received the high-fat and high-glucose diet. The rats were fasted for 12 h, and the diabetic status was confirmed by monitoring blood glucose 72 h after the injection using a Johnson blood glucose meter (Johnson & Johnson Medical Equipment Co., Ltd., Shanghai, China). Rats with fasting tail-blood glucose concentrations ≥7.0 mmol/l were considered to have developed diabetes mellitus (19) . The rats that were confirmed with STZ-induced diabetes mellitus were randomly divided into five groups, treated once per day with the follows: 2 ml normal saline (Vehicle group); low-dose (0.5 kg/l) DBT (DBT-L group); medium-dose (1.0 kg/l) DBT (DBT-M group); high-dose (2.0 kg/l) DBT (DBT-H group); or 1.0 mg/ml gliclazide (Gliclazide group; Beijing Hailian Pharmaceutical Co., Ltd., Beijing, China), respectively. Gliclazide is an oral anti-diabetic drug and classified as a sulfonylurea, and thus has been used as a positive control previously (20) . It was expected that ~9 rats were to be assigned into each group, based on our previous study (9) . The dose selection was based on the conversion to the human equivalent dose (21) . In addition, the remaining 8 rats that were fed with a normal diet and injected with normal saline instead of STZ, thus serving as a normal control group (NC group). Intragastric administration of normal saline, DBT or gliclazide was performed on the designated groups of rats once daily for 6 weeks. All rats were subsequently fasted overnight and sacrificed via an overdose intravenously injected pentobarbital (100 mg/kg) after the samples were collected. The kidneys were removed for the evaluation of ultrastructural changes by electron microscopy and immunohistochemistry for HPA expression.
Serum and urine studies. A 24-h urine collection was performed using metabolic cages (Wuhan Biological Engineering Co., Ltd.). Fasting blood glucose (FBG), blood urea nitrogen (BUN), serum creatinine (Scr) and serum and urine β2-microglobulins (β2-MG) levels were measured using an automatic biochemical analyzer (Hitachi 7020; Hitachi, Ltd., Tokyo, Japan). Type IV collagen detection kits were purchased from Wuhan Boster Biological Technology, Ltd. (Wuhan, China).
Electron microscopy for ultrastructure of the renal glomerular mesangium. For electron microscopy, the renal cortex was cut into 5x5x5 mm pieces and fixed in 2.5% glutaraldehyde (Wuhan Biological Engineering Co., Ltd.) for 2 h. After washing three times in 0.1% phosphate-buffered saline (Wuhan Biological Engineering Co., Ltd.), all kidney specimens were fixed in 1% osmium tetroxide phosphate buffer solution (pH 7.2-7.4; Wuhan Biological Engineering Co., Ltd.) for 1.5 h. Dehydration was performed by sequential exposure to 50, 70 and 80% ethanol for 20 min each, and 100% ethanol twice for 15 min each. Sections were then embedded in epoxy resin (Wuhan Biological Engineering Co., Ltd.) and cut into ultrathin sections, which were stained with uranyl acetate and lead citrate (Wuhan Biological Engineering Co., Ltd.), and examined using an H-600 transmission electron microscope (Hitachi, Ltd.).
Immunohistochemistry for HPA expression. For immunohistochemistry for HPA expression, the renal cortex was cut into a 0.2-cm block, which was fixed in 10% formalin (Wuhan Biological Engineering Co., Ltd.) and embedded in paraffin (Wuhan Biological Engineering Co., Ltd.). Then, the embedded blocks were cut into 4-µm sections, which were dehydrated in graded ethanol and incubated with a primary rabbit anti-rat HPA monoclonal antibody (1:100; BA1630; Wuhan Boster Biological Technology, Ltd.) at 4˚C overnight. The sections were incubated with biotinylated goat anti-rabbit IgG antibody as the secondary antibody (1:100; BA1003; Wuhan Boster Biological Technology, Ltd.). A slide known to be positive to HPA (Wuhan Biological Engineering Co., Ltd.) was set as a positive control, and an irrelevant isotype rabbit IG was used for a negative control. The peroxidase reaction was visualized using 3,3'-diaminobenzidine tetrahydrochloride (Wuhan Boster Biological Technology, Ltd.) as a peroxidase substrate.
Images of immunostained sections were captured using a Canon 1000D digital camera (Canon, Inc., Tokyo, Japan). The positive immunostaining, which presented as brown or yellow granules in the cytoplasm and/or cell membrane, was automatically detected and measured for the staining intensity and area using a computer equipped with HPIAS-1000 image analysis software (Wuhan Qingping Image Technology, Co., Ltd., Wuhan, China). Five visual fields were randomly selected and assessed for immunoreactive areas at x200 magnification. The ratio (%) of the HPA-positive glomerular area to the total glomerular area assessed was calculated, and the mean ratio of the five fields was defined to represent the level of HPA expression.
Statistical analysis. All statistical analyses were performed using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). Quantitative data are presented as the mean ± standard deviation. Student's t-test and one-way analysis of variance methods were used for analyzing the differences between two groups and among the six groups, respectively. P<0.05 was considered to indicate a statistically significant difference. Table II . Effects of DBT on serum and urine β2-microglobulin levels and type IV collagen expression in rats. 
Results
General condition of the animals.
Following the injection of STZ, six rats died or failed to develop diabetes. Thus, the 46 rats that developed STZ-induced diabetes mellitus were randomly distributed into the Vehicle (n=10), DBT-H (n=9), DBT-M (n=9), DBT-L (n=9) and Gliclazide (n=9) groups. The numbers of rats that died during the next six weeks were three in Vehicle group and one in the DBT-L group. After six weeks of high-glucose diet, the diabetic rats in the Vehicle group showed typical diabetic symptoms, including polydipsia, polyphagia, polyuria and body weight loss, with dull fur and reduced activity.
Effects of DBT on FBG, BUN, Scr, serum and urine β2-MG,
and type IV collagen expression. All rats with STZ-induced diabetes mellitus had elevated levels of FBG, BUN, Scr, serum and urine β2-MG, and type IV collagen expression prior to treatment compared with rats in the NC group (all P<0.05; Tables I and II) . Treatment with gliclazide for six weeks significantly decreased the levels of FBG, BUN, Scr, serum and urine β2-MG, and type IV collagen expression, as compared with the vehicle group (P<0.05). Notably, DBT treatment at different doses resulted in a similar reversal of these abnormal parameters, although they were all above the normal levels.
DBT treatment restores the changes in the glomerular ultrastructure in diabetic rats. To assess the protective effects on the renal glomerulus, ultrastructural analysis by electron microscopy was performed in the renal cortex of diabetic rats after six weeks of DBT treatment, with the untreated diabetic and normal rats as controls. All rats in NC group showed normal glomerular ultrastructure. Specifically, numerous thick primary processes extended from the cell body of the podocytes. These then further ramified into fine, finger-like secondary foot processes, which interdigitated with foot processes from adjacent podocytes. The foot processes formed a fence-like structure which was closely attached to the GBM. Together with the GBM, the endothelium and podocytes formed the filtration barrier, and the mesangium consisting of GMCs and the matrix lied between the glomerular capillaries (Fig. 1A) . In the Vehicle group, the secondary foot processes of podocytes became irregular and displayed numerous areas of effacement and GBM thickened with evident expansion of GMCs (Fig. 1B) . However, in rats after six weeks of DBT treatment, there was a notable improvement in the ultrastructural abnormalities (Fig. 1C-E) , particularly in those in the DBT-H group, where GBM thickness, podocytes and GMCs were similar to those in the NC group. Similar improvement in the ultrastructural abnormalities was observed in rats in the Gliclazide group (Fig. 1F) . Table III . HPA expression was negative or very low in glomeruli in the control group (Table III and Fig. 2A ). The rats in the Vehicle group exhibited a significantly higher HPA immunostaining in the glomeruli (Table III and Fig. 2B ). However, HPA protein expression was significantly and dose-dependently decreased in the DBT groups, as compared to the Vehicle group (Table III and Fig. 2C-E) . HPA protein expression was also significantly decreased in the Gliclazide group, as compared to the Vehicle group (Table III and Fig. 2F) . Notably, the high-dose DBT (2.0 kg/l) treatment showed an increased effect compared with gliclazide with respect to decreasing HPA expression (36.25±3.86 vs. 52.00±2.71; P<0.05).
Discussion
Development of diabetic nephropathy is characterized by increased plasma levels of creatinine and BUN in STZ-induced diabetic rats (22) . STZ is a powerful alkylating agent that has been widely accepted as an inducer to produce diabetes mellitus in rodents (23) . STZ interferes with numerous cellular processes, such as glucose transport and glucokinase function, and may induce DNA strand breakage (24) . A single large dose of STZ (such as 30 mg/kg) may induce diabetes mellitus in rodents; however, this dose has been associated with high mortality. In the present study, a two-week high-glucose diet followed by a single injection of 30 mg/kg STZ induced diabetes mellitus in 88% (46/52) of the surviving rats. Moreover, the subsequent six-week maintenance of the high-glucose diet resulted in typical features of nephropathy in the diabetic rats. Besides symptoms of hyperglycemia and obesity, this model appeared to exhibit the most consistent and robust increases in BUN and Scr; as such, it has been used as a useful model of progressive diabetic renal disease.
The pathological characteristics of diabetic nephropathy include the proliferation of GMCs, thickening of the GBM, and accumulation of ECM proteins, followed by progressive glomerulosclerosis and worsening of renal function (25) (26) (27) ). An in vitro study has shown that GMCs are a major source Three rats in the Vehicle group and one in the DBT-L group died during the experiment and were not included in the analysis. Data are expressed as the mean ± standard deviation. Student's t-test and one-way analysis of variance were used to analyze the differences between the two groups and among the six groups, respectively of free radicals following exposure to high glucose concentrations (28) . Hyperglycemia causes oxidative stress and leads to an increase in a number of complements, growth factors, and cytokines, such as transforming growth factor (TGF)-β, and the excessive production and accumulation of ECM proteins (29) . This increased production in GMCs has been implicated in the development of diabetic nephropathy. Our previous in vitro study showed that high glucose induced an increased synthesis of various ECM proteins, including type IV collagen, laminin, and fibronectin, in glomerular mesangial and epithelial cells (13) . Furthermore, in the present study, the high glucose-induced diabetic rats displayed abnormal thickening of the GBM, loss of podocytes, effacement of foot processes and expansion of mesangial cells. These findings clearly indicate that the high glucose not only induces glomerular mesangial and epithelial proliferation, but also causes ultrastructural changes of the kidney. Radix Astragali (Huangqi) is widely used in China, and has been studied in animal models and patients with various renal diseases for its effects on cytokines and reactive oxygen species, ischemia/reperfusion injury and mechanisms of renal fibrosis (30) . A systematic review revealed that Radix Astragali and its effective components are may be able to FBG and albuminuria levels, reversing the glomerular hyperfiltration and ameliorating the pathological changes associated with early diabetic nephropathy in rat models (31) . DBT is traditionally used to treat gynecological disorders and hypertension in China. DBT alone appears to improve the renal functions and increase renal BMP-7 expression in STZ-induced diabetic rats (27) . The present results showed that DBT was effective at improving diabetic nephropathy. Similar to the action of gliclazide, DBT treatment effectively attenuated the increases in FBG, BUN, Scr, and serum and urine β2-MG in rats with STZ-induced diabetes mellitus. The accumulation of ECM proteins, including type IV collagen, plays an important role in the pathogenesis of diabetic nephropathy (13) . In the present study, DBT treatment caused a reduction in type IV collagen expression compared with the Vehicle group, suggesting that DBT may prevent kidney damage by reducing the increase of ECM proteins.
DBT in combination with Radix Astragali accelerates histological recovery of the kidney, and delays the progression of renal fibrosis as much as the acetyl choline inhibitor enalapril (32) . This appeared to occur via the suppression of TGF-β expression and mitigation of the upregulated expression of type III and IV collagens, fibronectin and laminin in a rat model of chronic puromycin-induced nephrosis (33) . In the present study, DBT treatment substantially improved diabetes-induced structural cellular alterations, such as the proliferation of GMCs, loss of podocyte foot processes and abnormal thickness of the GBM. In particular, the GBM thickness, numbers of podocytes and GMCs were similar between the DBT-H and NC groups. These results further support those obtained in our previous in vitro study in which DBT had inhibitory effects on high glucose-induced GMC proliferation and the expression of ECM proteins (13) .
Heparan sulfate proteoglycans (HSPG) are ubiquitous macromolecules associated with cell surfaces and ECM, and represent a major constituent of the GBM (34) . HSPG in the kidneys are composed of an agrin protein core that is covalently linked to the negatively charged glycosaminoglycan heparan sulfate (35) . HPA is an endoglycosidase which cleaves heparan sulfate and hence participates in the degradation and remodeling of the ECM. A previous study indicated that increased glomerular expression of HPA was associated with overt diabetic nephropathy (36). In addition, the expression of HPA was upregulated in animal models of proteinuric renal disease, including passive heymann nephritis, puromycin nephrosis, anti-GBM nephritis and adriamycin nephropathy (37) . Furthermore, the overexpression of HPA in transgenic mice led to proteinuria, while treatment with a polyclonal anti-HPA antibody resulted in a three-fold reduction of proteinuria in a model of anti-GBM disease (37) . In the present study, the expression of HPA in the diabetic rat renal cortex was evaluated using immunohistochemistry to investigate the effect of DBT treatments on HPA expression. HPA expression was negative or low in the glomeruli of the NC group. However, the rats in the Vehicle group exhibited a significantly higher HPA immunostaining in the glomeruli. These findings were consistent with our previous in vitro study, which demonstrated that high glucose was able to induce HPA expression in podocytes and a reduction of cell surface heparan sulfate (38) . Overexpression of HPA may lead to an increased permeability of the GBM to macromolecules, due to the degradation of glomerular heparan sulfate and the activation of a variety of complements and cytokines (39). To the best of our knowledge, the present study is the first to demonstrate that DBT treatment effectively inhibited the levels of HPA expression in renal glomerular mesangium, indicating that DBT may preserve renal functional and structural integrity. This may at least partially occur via the inhibition of HPA expression, resulting in increased heparin sulfate expression in the renal glomerular mesangium. Notably, the high-dose DBT (2 kg/l) treatment was more effective than gliclazide with respect to decreasing HPA expression. However, heparan sulfate loss in proteinuric renal disease may be attributed to a number of mechanisms other than HPA, including depolymerization of heparin sulfate by increasing the formation of free radicals, such as reactive oxygen species (ROS) and decreasing antioxidant capacity (40) . Oxidative stress may facilitate the formation of advanced glycation end products, which is a pathogenic factor in sustained hyperglycemia-induced kidney injuries (41) . DBT has been reported to be a native free radical scavenger, and is able to decrease hyperglycemia-induced ROS generation in the kidneys of diabetic rats or in mesangial cells (28) . Therefore, anti-ROS treatments such as DBT may prevent hyperglycemia-induced renal damage in diabetes mellitus.
It should be noted that the present report is only a preliminary observational study. Thus, further studies are required to identify the specific active components present in DBT that are responsible for the beneficial effects on the renal function, and to elucidate the underlying mechanisms by which DBT improves and prevents diabetes mellitus and diabetic nephropathy.
DBT appears to be a renal protective agent by reversing renal ultrastructural changes in a high-glucose/STZ-induced diabetic nephropathy rat model. Furthermore, DBT exhibits beneficial effects by decreasing the elevated HPA expression in the renal glomerular mesangium. Therefore, DBT is potentially a novel therapeutic intervention for the treatment of diabetic nephropathy.
